We have studied the effects of electrical stim ulation of the dorsal raphe nucleus on local cerebral blood flow (LCBF), as assessed by the quantitative [14C]_ iodoantipyrine autoradiographic technique. Stimulation of the dorsal raphe nucleus in the a-chloralose anesthetized rat caused a significant decrease in LCBF, ranging from -13 to -26% in 24 brain structures out of 33 investi gated. The most pronounced decreases (-23 to -26%) were observed in the accumbens, amygdaloid, interpe-Despite the postulated involvement of serotonin in several cerebrovascular pathologies as migraine and vasospasm (see MacKenzie et aI., 1985 for review), few studies have been designed to investi gate the functional significance of the central sero tonergic system on the cerebral circulation. Fur Abbreviations used: lAP, e4C]iodoantipyrine; LCBF, local cerebral blood flow.
thermore, a controversy has arisen about the origin of the serotonin-containing nerve fibers related to cerebral blood vessels demonstrated years ago (Reinhard et aI., 1979; Griffith et aI., 1982; Edvins son et aI., 1983) , as being located in the raphe nuclei (Reinhard et aI., 1979; Scatton et aI., 1985; Edvins son et aI., 1985) . Recently, some authors have pre sented evidence for a high affinity uptake of sero tonin by sympathetic noradrenergic fibers originat ing in the superior cervical ganglion (Saito and Lee, 1987; Chang et aI., 1988) and have suggested that the serotonin-containing nerves fibers correspond, in fact, to the sympathetic innervation.
In view of this controversy, we focused our study on the functional significance of the well known as-duncular nuclei and in the median raphe nucleus, limbic system relays. The decreases also concerned cortical re gions and the extrapyramidal system. These results indi cate that activation of ascending serotonergic system pro duces a vasoconstriction and that the dorsal raphe nu cleus has a widespread modulatory influence on the cerebral circulation. Key words: Dorsal raphe nucleus Electrical stimulation-Local cerebral blood flow Autoradiography-[14C]Iodoantipyrine-Rat.
cending serotonergic system, mainly originating in the dorsal and median raphe nuclei (Azmitia and Segal, 1978; Parent et aI., 1981) to determine whether it can alter the cerebral circulation when directly activated.
In order to induce a selective activation of the raphe system, the present study was performed in anesthetized (a-chloralose) rats, and we measured the effects of electrical stimulation of the dorsal ra phe nucleus on local cerebral blood flow (LCBF) throughout the brain by quantitative autoradiogra phy using e4C]iodoantipyrine as tracer.
METHODS
Studies were performed on 13 male Sprague-Dawley rats weighing 300-380 g. Anesthesia was induced with halothane (4% in 02) and maintained with a-chloralose at 30 mg/kg s.c. (Iadecola et aI., 1987) .
Thin-wall vinyl and polyethylene catheters were, re spectively, placed in both femoral arteries and veins, and the trachea was cannulated under halothane (1-2%). The animals were then placed in a stereotaxic frame, and d turbocurarine (3 mg/kg, s.c.) was administered to allow artificial ventilation. Arterial pressure, heart rate, and body temperature were continuously monitored and blood gases were periodically analyzed and kept within the physiological range. After a limited occipital craniot omy, a monopolar electrode was lowered in 6 animals with a posterior angle of 40° through the cerebellum to avoid the superior sagittal sinus, at the following coordi nates, A: +4, L: 0, H: +4.9 mm according to the stereo taxic atlas of Paxinos and Watson (1986) . In 7 sham rats, the electrode was placed 1 mm above the dorsal raphe nucleus, i.e., in lobule 2 of the cerebellum, and no current was applied.
Three hours after a-chloralose administration, the dor sal raphe nucleus was electrically stimulated during 10-15 min with intermittent trains (1 s on-l s off) at 200 Hz, 50 jl.A and 0.5 ms pulse duration. Such stimulation parame ters are considered to be low enough to obviate current spread and thus produce localized activation (Potegal et aI., 1980; Mraovitch et aI., 1985; Lacombe et aI., in press ). The location of the stimulated sites was deter mined by making an electrolytic lesion (0.1 rnA, 15 s DC); the sites were visualized on histological slides stained with cresyl violet.
Local cerebral blood flow (LCBF) was measured ac cording to Fick's principle through the use of [14C]iodoantipyrine (lAP) as a diffusible inert indicator, at the tracer dose of 10 jl.Ci/IOO g body weight (Commissar iat a I'Energie Atomique, specific activity 50-60 mCi/ mmol). One ml of lAP solution was infused at a constant rate over 40 s, which is the measurement period. Simul taneously, the arterial concentration-time curve of lAP was determined by serial sampling of 50 jl.l of arterial blood every 3-4 s (Iadecola et aI., 1987; Lasbennes et aI., 1988) . Tissue concentrations of lAP were assessed by quantitative autoradiography (Sakurada et aI., 1978; la decola et aI., 1983 ). The analysis of autoradiograms was carried out using a computerized image analysis system (Histopericolor 2000 Numelec, Paris, France).
RESULTS AND DISCUSSION
Electrical stimulation of the dorsal raphe nucleus induced a moderate rise in arterial pressure (125.4 ± 3.3 versus 129.2 ± 4.2 mm Hg for the sham operated and the stimulated rats, respectively) and tachycardia, which was not significant at the time of measurement (unpaired t tests). No significant dif ferences were observed in the other physiological parameters considered (Paco2: 35. 3 ± 0.4 versus 35. 0 ± 0.5 mm Hg, Pao2: 137. 9 ± 3.5 versus 128.8 ± 5.0 mm Hg and pH: 7.388 ± 0.028 versus 7.409 ± 0.030 for the sham-operated and the stimulated rats, respectively).
Stimulation decreased LCBF in 24 out of 33 structures investigated including cortical areas and structures of the limbic extrapyramidal systems (Table 1) . For example, LCBF was significantly de creased in the frontoparietal somatosensory cortex (-19%) , the accumbens nucleus (-16%), the in terpeduncular nucleus ( -25%), the median raphe nucleus (-23%) and the caudate nucleus (-21%).
These results clearly showed that stimulation in duced a widespread reduction in LCBF (Fig. 1) which cannot be considered as a flow redistribution since no local flow increases were ever noticed.
Therefore the response observed reflects a true vasoconstriction. 92.0 ± 4.5 b 126.9 ± 9.5 114.2 ± 3.9 b 104.5 ± 3.9
45.0±5.1
Values in milliliters per 100 g per minute are presented as means ± SEM.
Significances between sham-operated and stimulated rats (Stu dent's t-test): ap < 0.05, b p < 0.01, cp < 0.001.
Although the serotonergic nature of the stimula tion-induced effects was not verified in this study, the contribution of activated fibers of passage can be postulated as being minor based on the study of Cudennec et ai. (1988) . These authors showed that Only two papers have reported cerebral circula tory effects of the raphe stimulation, and in both cases a vasodilatatory response was observed (Goadsby et aI., 1985a,b; Lee et aI., 1986) . How ever, the techniques used differ from that we adopted, since they investigated either carotid blood flow using electromagnetic flowmeters (Goadsby et aI., 1985a,b) or direct visualization of the pial microcirculation through fluorescence mi croscopy (Lee et aI., 1986) , neither of which di rectly reflects tissue blood flow. Indeed, the vascu lar reactivity of major cerebral and pial arteries may differ from the more distal vascular segments. Such was observed with serotonin that was applied perivascularly to pial vessels (Harper and MacKen zie, 1977) . The vessels of a diameter over 200 flm constricted while vessels smaller than 70 flm di lated. Also, the stimulation parameters used in ear lier studies were different from those employed in the present investigation, the stimulation intensity being 500 flA (Goadsby et aI., 1985a,b) . These au thors otherwise concluded that the facial nerve in-tervened in the vasodilatatory responses they elic ited.
On the other hand, our results are consistent with those obtained following intracarotid infusion of se rotonin after osmotic disruption of the blood-brain barrier (Grome and Harper, 1983 ) also using the [14C]IAP technique in the rat. These results speak in favor of a constrictory effect of serotonin on the cerebral vasculature.
The magnitude of the effects obtained seems of the same order as the one of other vasoconstrictor systems (Lacombe et aI., 1977; Mraovitch et aI., 1985) . However, their distribution is characteristic, differing from that of the sympathetic activation which mainly affects the carotid vascular bed (La combe et aI. , 1977) or from that of the parabrachial nucleus stimulation, which is most effective in cor tical areas (Mraovitch et aI., 1985) . Moreover, brain areas that are known to receive a rich serotonergic innervation (Parent et aI., 1981; Steinbusch, 1981) , such as the anterior cerebral cortex, the red nu cleus, and the cerebellar hemisphere, exhibited flow decreases of the same magnitude as those ar eas supplied with a less dense innervation. This ob servation is to be related to the mismatch between metabolic consequences and the density of seroto Finally, two hypotheses can be suggested to ac count for the observed vasoconstriction. The first is based on the complexity of the circuitry of the as cending serotonergic raphe system, which exerts many inhibitory neuronal influences (Dray et aI., 1978; Nishikawa and Scatton, 1985; McRae Degueurce et aI., 1985) and the resultant vasocon striction would thereby merely reflect a reduced metabolic activity. The alternative hypothesis would suppose that the serotonin, released from the serotonergic nerve fibers originating from the dorsal raphe nucleus, acts directly on cerebral blood ves sels. This point deserves further investigation such as the determination of the relationship between the cerebrovascular reactions and metabolic activity using the same experimental protocol in order to understand better the precise physiological mecha nisms involved.
